The maltodextrin-speci®c (malto-)porin from Salmonella typhimurium has been crystallized. Its three-dimensional structure was determined at 2.4 A Ê resolution (1 A Ê 0.1 nm). A comparison with the structure of the homologous porin from Escherichia coli as well as with the sequences of other related porins showed that there are regions of appreciable sequence and structure variability, despite close overall similarity. The maltoporin structure was analyzed with a bound nitrophenyl-maltotrioside as well as without ligand. Maltotrioside binding had a negligible effect on the polypeptide structure. It binds at the pore eyelet assuming a conformation close to the natural amylose helix.
Introduction
Maltoporins are found in the outer membrane of numerous enterobacteria (Bloch & Desaymard, 1985; Werts et al., 1993) . They constitute a family of proteins the archetype of which is encoded by the lamB gene of Escherichia coli (Thirion & Hofnung, 1972) . The name lamB has been derived from the observation that the E. coli maltoporin functions as receptor for bacteriophage Lambda. Gene lamB is part of the maltose regulon that is maltose-inducible and responsible for uptake and catabolism of maltodextrins (for a review, see Boos et al., 1996) .
Maltoporins are homotrimers speci®c for linear oligosaccharides (Luckey & Nikaido, 1980a; Lepault et al., 1988) . They bind to maltodextrins, a saturable binding-site in the pore has been suggested (Luckey & Nikaido, 1980b; Schu È lein & Benz, 1990) . Maltoporins can also act as smallish diffusion pores for ions and hydrophilic solutes (Benz et al., 1986) . Known maltoporin sizes range from M r 42,500 in Vibrio cholerae (Lang & Palva, 1993) to 48,000 in Salmonella typhimurium (Schneider et al., 1992) . Numerous mutational experiments (Klebba et al., 1994; Chan & Ferenci, 1993) and biophysical studies (Jordy et al., 1996; Andersen et al., 1995) have been carried out to elucidate the permeation mechanism.
Here, we present the 2.4 A Ê resolution structure of maltoporin from S. typhimurium ligated with pnitrophenyl-a-D-maltotrioside (PNP-maltotrioside) and compare it with the unligated form. Moreover, we relate the structure to the 2.6 A Ê resolution structure of maltoporin from E. coli (Schirmer et al., 1995; Dutzler et al., 1996) and the sequence to those of other homologous porins.
forms are given in Table 1 . In all crystals, the solvent content is in the common range for membrane protein crystals.
Firstly, the structure of crystal form A was solved by molecular replacement, using a model based on the coordinates of the maltoporin homologue from Escherichia coli (Schirmer et al., 1995) and applying it to the data sets NAT-1 and later on to NAT-2 (Table 2 ). Subsequently, the structure was re®ned against data set NAT-2 for the unligated, and against data set PG3 for the ligated maltoporin. The re®nement results are given in Table 3 .
Crystal form A belongs to space group C222 1 with one trimeric maltoporin per asymmetric unit. The trimer obeys C 3 symmetry around a non-crystallographic axis. Throughout the re®nement, the noncrystallographic symmetry (NCS) has been tightly restrained, except for a total of 21 residues in several chain segments that are involved in crystal packing contacts. The resulting structure quality indicators are in the usual range (Table 3) .
The structures of crystal forms B and C were then elucidated by molecular replacement on the basis of crystal form A. These crystal forms were of minor interest, because their resolution was inferior (Table 1 ) and they showed no signi®cant structural difference to form A. As a consequence, the re®ne-ments were stopped at intermediate stages.
Crystal packing
While maltoporin is a homotrimer with C 3 symmetry, the packaged unit in all three crystal forms is a dimer of trimers in D 3 symmetry, which is formed by bottom (periplasmic side) to bottom association. Within the limits of error, all three trimers and the trimer associations to hexamers are identical.
In crystal form A, the 3-fold axis of the D 3 hexamer is local and tilted by 4.9 against the c-axis (Figure 1(a) ). One of the three 2-fold axes of the hexamer is crystallographic such that a C 3 trimer constitutes the asymmetric unit of space group C222 1 . The hexamer center is at (0, 0.326, 1/4) rendering the packing pseudo P6 3 22. It would be exact P6 3 22 with one subunit per asymmetric unit, if the molecular 3-fold were parallel to the c-axis, the a The native data sets NAT-1 and NAT-2 were collected using a rotating anode and a synchrotron (EMBL-outstation, DESY, Hamburg), respectively. Data set PG3 of ligated maltoporin is described in Table 1 . 
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hexamer center were at (0, 1/3, 1/4), and the axes lengths were slightly adjusted. The D 3 hexamers pack loosely, leaving a large void volume that accounts for the high solvent content of 71%. There is ample space for the formation of toroidal detergent micelles around the nonpolar belts of the porins.
Crystal form B belongs to space group P2 1 2 1 2 1 with one D 3 hexamer per asymmetric unit (Figure 1(b) ). The hexamer center is at (0.262, 0.267, 0.251), its 3-fold axis is tilted by 4.5 against the caxis and one of its 2-fold axes deviates by 3.2 from the b-axis. The packing is pseudo C222 1 . It would be exact C222 1 with a C 3 trimer per asymmetric unit, if the 2-fold were along the b-axis and the center was at (1/4, y, 1/4).
Crystal form C contains two D 3 hexamers in the asymmetric unit of space group P2 1 (Figure 1(c) ). It has the largest void volume. In all crystal forms, the hexamer packing contacts are mediated by the loops at the extracellular side of the trimer or by residues in the upper, hydrophilic part of the bbarrel (see below Figure 5 ). In none of the packings we ®nd a nonpolar contact.
A detailed analysis of the crystal contacts in form A is given in Table 4 . The D 3 hexamer consists of the reference molecule I and of molecule II. The crystallographic 2-fold axis runs between subunits I A and II A . When taking the D 3 hexamers as building blocks, crystal packing buries only 3% of the solvent-accessible surface. With respect to the C 3 trimer, the buried surface fraction amounts to 7%. Both values are rather low when compared to other proteins.
Description of the structure
The structure of the maltoporin trimer is depicted in Figure 2 (a). It resembles closely the known structures of other porins (Weiss et al., 1990; Cowan et al., 1992; Kreusch et al., 1994) . Like the homologue from E. coli (Schirmer et al., 1995) each subunit consists of an 18-stranded b-barrel with a kidney-shaped cross-section and 22 as the shear number (McLachlan, 1979) . The topology of this large b-sheet of 246 residues is all-next-neighbor antiparallel as shown in Figure 3 . At the extracellular barrel end, the b-strands are connected by generally large loops (average 17 amino acid residues) usually named L1 through L9, whereas the turns at the periplasmic barrel end contain on average only four residues.
As depicted in Figure 2 (a), loop L2 near the trimer axis, reaches over the barrel wall of a neighboring subunit, bringing Trp74 into the adjacent subunit's pore. Loops L1, L3 and the beginning of L6 fold into the b-barrel and pack against its inner wall. The only two cysteines in the sequence form a disul®de bridge within loop L1 inside the barrel. The protrusion at the extracellular barrel end can be subdivided in two parts, one consisting of L4, L5 and L6, and a second one of L9.
Like in the E.coli homologue (Schirmer et al., 1995) there runs a row of aromatic side-chains along the pore, starting with Trp74
H from an adjacent subunit at the extracellular end and following a left-handed helical path along Tyr41, Tyr6, Trp426, Trp368 to Tyr227 at the periplasmic outlet. Among them, Tyr41, Tyr6 and Trp426 bind to maltodextrins whereas the other aromatic rings fail to create de®ned binding-sites.
The mobility of the polypeptide is given in the Bfactor plot of Figure 4 . The most mobile segments are loops L4, L6 and L9 protruding furthest into the extracellular space. Residues 259 to 264 of L6 have essentially no density, presumably they point like a waving¯ag into the extracellular space (see below Figure 8 ). The inner loops L1, L3 and the beginning of L6 are rigid. The shortish turns at the 158, 195, 197, 206-207, 209-211, 237, 271, 308 Arg195-NE Gln158-OE1 3.5 209-O Lys271-NZ 3.0 e 158, 193, 206, 209, 213, 271, 276, [308] [309] [310] Asp211
The reference trimer I is in contact with symmetry-related trimers II (Àx, y, (Stauffer et al., 1992) , but is still disputed, that maltoporin has a binding-site for this protein.
The position of maltoporin in the membrane can be derived from the properties of the membranefacing side of the b-barrels. As shown in Figure 2 (a), somewhat more than half of the barrel is exposed to the membrane, while the other half forms the trimer interface. This interface buries 3830 A Ê 2 (equal to 20%) of the solvent-accessible surface of each subunit. The surface structure of (Table 4 ) of ligated maltoporin re®ned at 2.4 A Ê resolution. All b-strands are indicated and numbered, loops L1 through L9 at the external barrel end are labeled. The turns at the periplasmic end of the barrel result from the marked b-strands. The line at the bottom marks all residues of subunit I A that are in crystal contacts, those of subunits I B and I C differ only slightly (Table 4 ). The largest deviations from NCS occur at residues 158, 206 and 306 with ÁC a values up to 1.3 A Ê , 0.7 A Ê and 0.5 A Ê , respectively. the exposed part is represented in Figure 5 using a cylindrical projection from the barrel center. Like with other porins (Schulz, 1993) there are two girdles of aromatic residues at the borderlines between polar and nonpolar membrane moieties, matching the intermediate dielectric constant at these borders. In maltoporin the upper girdle is particularly dense. The lower girdle is not very Figure 5 . Projection of the membrane-facing side of the b-barrel onto a cylinder followed by unrolling. The projection of the trimer axis delineates the plot at the left-and right-hand sides. b-strands are given in thick lines. The turns at the periplasmic side (bottom) and the pore-constricting loop L3 are dotted. All side-chains facing the membrane are drawn explicitly, glycine residues are indicated by dots, aromatic residues are numbered. Side-chain nitrogen atoms (®lled circles, squares for ionogenic atoms) and oxygen atoms (open circles, open squares for ionogenic atoms) are marked. The hydrogen bonding system of the polar spot facing the nonpolar membrane moiety is inserted. It connects the side-chains of His219, Asn228, Asp284, Tyr298 and a water molecule. The B-factors of these hydrogen bonding partners correspond to those of the underlying backbone. Figure 6 . Stereo view of the interface around the molecular 3-fold axis. There is a water cluster in the interior and one calcium ion held by three aspartate residues at the external end of the interface (top). Because the respective residues are conserved, these features occur most likely also in the E. coli homologue.
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pronounced and interrupted by a polar spot that extends far into the nonpolar ribbon of aliphatic side chains between the two girdles.
This polar spot consists of His219, Asn228, Asp284 and Tyr298, the side-chains of which are hydrogen bonded with each other and with a water molecule. The arrangement is depicted in Figure 5 . It appears likely that this spot is used for docking of another membrane protein, some of which are known (Neumann et al., 1996) . It is also conceivable, however, that the strong hydrogen bonds in a nonpolar environment are crucial for the stability of the porin in this particular region far away from the trimer interface.
Water cluster on trimer axis
As shown in Figure 6 there are 11 water molecules clustering at the molecular 3-fold axis. Except for the topmost water molecule, all of them are enclosed in one large cavity with a volume of 310 A Ê 3 , as calculated with the program VOIDOO using a Figure 7 . Binding structure of PNP-maltotrioside in the pore eyelet. (a) NCS-averaged (2F soak À F calc ) expia calc electron density map at a level of 1.2 s. Only protein atoms were used to obtain F calc and a calc . Glucose units G1, G2 and G3 are modeled. G1 contains the non-reducing end and points to the periplasmic side (bottom). The nitrophenyl group attached to G3 is invisible and we conclude that it is mobile. Important side-chains in the pore constriction zone are given. (b) The water structure in the pore constriction zone of unligated maltoporin. All residues and all water molecules within 4.5 A Ê of the superimposed maltotriose model (red lines) are depicted. Some hydrogen bonds are drawn out. The water molecules are subdivided into those displaced by the bound PNP-maltotriose (open circles), and eight with (®lled circles) as well as two without (small ®lled circles) counterparts in the unligated structure (less than 1 A Ê displacement).
probe radius of 1.4 A Ê (Kleywegt & Jones, 1994a) . The water molecules form an extensive hydrogen bond network and are tied to the protein via Tyr66-OH, Thr62-OG1 and Leu44-O. Accordingly, the entropically unfavorable trapping of water molecules is compensated by strong hydrogen bonds. In other known porin structures (Weiss et al., 1990; Cowan et al., 1992; Kreusch et al., 1994) , there are also cavities around the trimer axis, but they are much smaller (55 A Ê 3 to 125 A Ê 3 ) and generally more hydrophobic. The homologue from E. coli (Dutzler et al., 1996) has the same cavity, but no bound water has been reported.
The bound PNP-maltotrioside
A crystal soaking experiment with PNP-maltotrioside revealed three glucose units bound to the pore eyelet of maltoporin. The PNP-derivative of maltotriose was used because it was feared that maltotriose itself may not bind at a de®ned position if there were more than three glucose sites in this porin. The re®nement data are given in Table 3 . A (2F soak À F calc )-electron density is shown in Figure 7 (a) together with the re®ned model. This density is the average over the three asymmetric subunits with their three bound PNP-maltotrioses. There was essentially no density for the pnitrophenyl group. The orientation of the glycoside was unambiguously assigned from the 6-hydroxyl groups. The bound glucose units were named G1, G2 and G3 starting from the non-reducing end at the periplasmic opening of the pore. There are ample van-der-Waals contacts between G1, G2 & G3 and Trp426, Tyr6 & Tyr41, respectively. The polypeptide changes on binding PNP-maltotrioside are minor, as there occurs only a 0.6 A Ê displacement at the tips of the eyelet-de®ning residues Tyr118 and Arg109 (Figure 7(a) ).
The glucose chain forms a left-handed helix with a displacement of (À50 rotation around axis, 2.8 A Ê axial shift) per unit, corresponding to seven units and 20 A Ê per helix turn. It is internally stabilized by hydrogen bonds between atoms G1± O2 and G2 ±O3 as well as atoms G2 ± O2 and G3 ±O3. The helix parameters are close to those found with single-and double-stranded amyloses in solution and crystals, the hydrogen bonds are the same (Goldsmith et al., 1982; Hinrichs et al., 1987) .
The axis of the glucose helix forms an angle of about 30
with the axis of the left-handed helix de®ned by the aromatic rings of the residues Trp426, Tyr6 and Tyr41 that line one side of the pore constriction zone. Here, the glucose units form numerous hydrogen bonds which are listed in Table 5 . The same three glucose binding-sites but with fewer, partly differing hydrogen bonds had been reported for maltoporin from E. coli after soaking with maltohexaose (Dutzler et al., 1996) .
In Figure 7 (b) we depict the pore constriction zone of the unligated structure, which is completely ®lled with crystallographically visible and therefore rather tightly bound water molecules. The small water-®lled cross-section of this speci®c porin corresponds to the observed low ion conductivity, which merely amounts to about 5% of those of general purpose porins (Schu È lein & Benz, 1990 ). On binding PNP-maltotriose most of the water molecules in this zone have to dissociate for steric reasons. As a consequence, only substrates that can replace the broken hydrogen bonds are likely to enter the pore.
Comparison with homologous maltoporins
Porins show high sequence variability although their general structure is well conserved. As a consequence, there exist numerous families that cannot be related to each other by sequence comparison alone (Schiltz et al., 1991) . Maltoporin belongs to a sequence-de®ned family of presently nine members as extracted from the data banks. The family can be subdivided into three groups: (1) maltoporin from S. typhimurium (reported here) together with its homologues from E. coli, Klebsiella pneumoniae and Yersinia enterocolitica; (2) maltoporins from Aeromonas salmonicida, Vibrio cholerae and Vibrio parahaemolyticus and (3) the sucrose-speci®c porins from S. typhimurium and K. pneumoniae. In relation to the presented maltoporin, the members of the ®rst, second and third group show amino acid identities of around 80%, 40% and 30%, respect- a The ligand consists of glucose units G1 (4-OH end), G2 and G3 which is blocked by a nitrophenyl group. The donor..acceptor distances are given in parentheses in (A Ê ).
ively. With the published structure of the E. coli homologue at hand, we can now extract the structural differences between these two maltoporins and discuss the sequence differences of the others.
A C a backbone superposition of maltoporin with its counterpart from E. coli (Schirmer et al., 1995) is shown in Figure 8 . This superposition used a cutoff value of 3 A Ê and yielded a root-mean-squares deviation of 0.5 A Ê for the remaining 386 residues. The resulting structural alignment was applied for the sequence alignment in Figure 9 . It showed 327 chemically and structurally identical residues amounting to 77% identities. Figures 8 and 9 demonstrate that the largest differences occur in loops L4, L6 and L9. Nine residues of L4 have an appreciably different conformation, which would have gone undetected in sequence comparisons because ®ve of them are chemically identical. L6 is ten residues longer and L9 is four residues shorter than the E. coli homologue. Loops L6 and L9 show large conformational differences, they stay apart in the S. typhimurium maltoporin, but are in contact Figure 8 . Superposition of C a backbones of maltoporin from S. typhimurium (black) and its homologue from E. coli (red). Some loops at the external end of the b-barrel are labeled. There is no electron density at the tip of loop L6, indicating high mobility. Figure 9 . Sequence and secondary structure of maltoporin from S. typhimurium and structural alignment with the sequence of the E. coli homologue as based on the superposition of Figure 8 . The b-strands and loops L1 through L9 at the external barrel end are labeled. Residues with distances above 3 A Ê are not aligned. Note that the S. typhimurium sequence contains Thr402 instead of Ser402, which entered a previous publication as well as the data bank due to a typing error (Francoz et al., 1990) . In the course of the present work the region around residue 402 was sequenced again at the DNA-level in the very strain used for maltoporin crystallization, con®rming Thr402 (J.-M. Cle Âment, unpublished results). (Schirmer et al., 1995). in the E. coli version. The rest of the structure is rather similar. Figure 10 illustrates the most variable part of the maltoporins in a head-on view from the extracellular space. Each subunit forms one large protrusion pointing to the viewer. These protrusions have different shapes, in S. typhimurium they are almost split in two parts per subunit whereas they form a single bulk in E. coli. With the channel openings located just beneath, these protrusions appear to function as tentacles poised for ®shing maltodextrins from the environment. This agrees with the suggestion that the external loops condition the access to the pore, as it had been derived from mutations in loops L4, L6 Dargent et al., 1988) and L9 (Klebba et al., 1994) that decreased the binding to amylose and the transport of maltose at low concentrations.
Unlike with common soluble proteins, the variations in maltoporins are strongly concentrated in one particular region, namely the loops at the extracellular end of this membrane channel. This is con®rmed by sequence comparisons with the other two members of the closely related ®rst group of the family (Klebsiella and Yersinia), which show insertions/deletions only in L4, L6 and L9. In relation to the maltoporin reported here, the Klebsiella version has 0-, 21-and 2-residue deletions in loops L4, L6 and L9, respectively. The corresponding deletions for the Yersinia maltoporin are 1, 21 and 1.
The sequence comparison shows further that all functionally crucial residues in the pore as given in Figure 7 (a) are identical in all maltoporins of the ®rst and second group of the family, whereas they differ appreciably in the sucrose-speci®c porins. The sixth residue of the slide of aromatic side chains along the pore, however (Tyr227 shown in Figure 2 (a) but not in Figure 7 (a)), changes within the maltoporins between tyrosine and phenylalanine. Obviously, it is of minor importance.
Presumably for structural reasons, residues participating in the interface are strongly conserved across the whole family. Residue Asp78 forming a weak Ca 2 binding-site at the trimer axis and Tyr66 interacting with the internal water cluster (Figure 6 ) occur also in the maltoporins from E. coli as well as in several other species. There is no particular variability in the turns at the periplasmic end of the b-barrel. The residues at the membranefacing surface of the b-barrel show generally more exchanges than those at the inner surface, demonstrating that it is more dif®cult to construct the pore linings than to match a¯uid membrane at the outside.
Most interestingly all residues of the polar spot in the nonpolar membrane-facing region (His219, Asn228, Asp284, Tyr298, Figure 5 ) are conserved in the ®rst group of the family (E. coli, Klebsiella and Yersinia), but a different arrangement of polar residues is formed at the same place in the more distant relatives of the second group (Aeromonas, V. cholerae and V. parahaemolyticus). The latter have Asn, Thr, Asn and His at residue positions equivalent to 228, 230, 284 and 298, respectively. These are likely to form a similar polar spot ( Figure 5 ).
Discussion
Like all porins of known structure, the maltoporins contain an all-next-neighbor antiparallel b-barrel forming the scaffold of the membrane channel. All of them are trimers with a large and strong interface. The N and C termini of the chain are close together at the periplasmic side of this interface. The general construction principle appears to be connected to chain folding in the periplasm and insertion into the membrane (Schulz, 1993) . For the maltoporins this barrel has 18 b-strands with a kidney-shaped cross-section, whereas other known porins contain more circular 16-stranded b-barrels. The kidney-shaped barrel gives rise to a much more circular cross-section of the trimer (Figure 2(a) ) when compared to other porin trimers (Kreusch & Schulz, 1994) .
The two maltoporin structures show the construction principle of a solute-speci®c passive membrane channel, which differs appreciably from those of less-speci®c channels (Weiss et al., 1990; Cowan et al., 1992; Kreusch & Schulz, 1994) . Most obvious are the small pore eyelets of the speci®c porins as compared to the much larger eyelets of the others. As illustrated in Figure 7 (b), the small eyelet and the surrounding constriction zone of maltoporin is completely ®lled with strongly bound and therefore visible water molecules, whereas there is still a¯uid central water channel in the general porins. Furthermore, the transversal electrostatic ®eld of general porins (Weiss & Schulz, 1992) , which allows discrimination against nonpolar solutes in spite of large eyelets (Schulz, 1993) , is absent in maltoporin. Rather, one side of the eyelet is formed by aromatic side-chains and thus nonpolar while the remaining surface contains several salt bridges with merely local electric ®elds.
From our and numerous previous data it is clear that maltoporin binds maltotriose at the pore eyelet (Figure 7(a) ). The binding is rather weak because the crystals had to be soaked with concentrations as high as 5 mM PNP-maltotriose to ®nd appreciable density for the substrate. Similar concentrations were applied by Dutzler et al. (1996) for the E.coli homologue. These observations agree with binding constants somewhat below 1 mM that had been derived from electric conductance measurements (Schu È lein & Benz, 1990) . At low maltodextrin concentrations weak binding is helpful for membrane permeation.
A peculiar feature derived from the structure and sequence comparisons is the very high variability of these proteins in a selective region, namely at the tentacles formed by loops L4, L6 and L9 that are likely to ®sh for maltodextrins. Presumably, the functional requirements for these tentacles are not very strict, leaving plenty of room for mutations required for escaping an attack, e.g. by a bacteriophage or an immune system. The selective high variability in loops protruding from a solid structure reminds of antibodies that mutate in order to bind to a broad range of foreign material, as, e.g. bacteria presenting their maltoporins. Accordingly, the war between bacteria and the immune system is fought with resembling weapons on both sides.
Materials and Methods
Protein purification and crystallization A total of 60 g of frozen S. typhimurium SL3749 cells were suspended in Tris-buffer (150 ml 20 mM Tris-HCl, pH 7.5) and disintegrated at 0 C in a glass bead mill in the presence of 75 units Benzon nuclease (Merck). After centrifugation (50000 g, 60 minutes), the pellet was subjected to three extraction steps, each consisting of resuspension and centrifugation (50000 g, 60 minutes). The ®rst buffer was 2% (v/v) Triton X-100 (Fluka), 10 mM MgCl 2 in Tris-buffer, the second was Tris-buffer without detergent, the third contained 2% (w/v) LDAO (Fluka) in Tris-buffer. In the last step, the suspension was incubated at 37 C for 40 minutes. The supernatant of the LDAO-extraction was applied to a column packed with 50 ml amylose resin (New England Biolabs), which was washed with 0.08% LDAO in Tris-buffer. Pure maltoporin was eluted with 5% (w/v) maltose, 0.08% LDAO in Tris-buffer. Detergent exchange was performed on a Resource-Q (Pharmacia) anion exchange column by washing the bound maltoporin with 0.6% (w/v) C 8 E 4 (Bachem) in Tris-buffer at slowly increasing LiCl concentration. Maltoporin eluted at 200 mM LiCl and was concentrated in Centriprep-30 and Centricon-30 devices (Amicon) and then dialyzed against 0.6% (w/v) C 8 E 4 in water.
Crystal form A was obtained at 18 C using the hanging drop method with 5 to 8 mg/ml protein, 0.3% C 8 E 4 , 0.8% C 6 DAO (Fluka), 1 mM MgCl 2 , 1 mM CaCl 2 , 14-18% PEG-1500, 0.02% NaN 3 in the drop and 28 to 32% PEG-1500 in the reservoir. No buffer was added. Addition of the small amphiphile C 6 DAO was crucial to suppress phase separation induced by the precipitant. This detergent had also been used by Forst et al. (1993) . Small crystals appeared after several days, larger rods grew within several weeks, the best crystals developed over two to six months from an amorphous precipitate and grew to a maximum size of 750 mm Â 500 mm Â 400 mm.
At 7.5 mg/ml protein, 5 mM Na acetate-HCl (pH 6.0), 0.3% C 8 E 4 , 0.75% C 6 DAO, 21% (w/v) PEG-1500, 1 mM CaCl 2 as well as 1 mM MgCl 2 in the drop and 30% (w/ v) PEG-1500 in the reservoir we found crystal form B. The largest crystals grew to dimensions of 350 mm Â 200 mm Â 150 mm. For crystal form C we used 7.3 mg/ml protein, 20 mM Tris-HCl (pH 7.5), 0.4% C 8 E 4 , 2.5% C 6 DAO, 9.2% (w/v) PEG-4000, 60 mM LiCl and 15 mM MgCl 2 in the drop. The reservoir contained 10 mM Tris-HCl (pH 7.5), 14% (w/v) PEG-4000, 100 mM LiCl and 25 mM MgCl 2 . The maximum dimensions were 600 mm Â 200 mm Â 150 mm.
Data collection and processing
Crystal form A data sets NAT-1 and PG3 were collected using an area detector (Siemens, model X-1000) on a rotating-anode X-ray source. Frames were processed with the program XDS (Kabsch, 1988) . Data set NAT-2 was collected with synchrotron radiation at DESY (EMBL Hamburg, beamline X31). Intensities were measured at room temperature from one crystal each. The crystal used for data set PG3 was soaked in storage buffer containing 5 mM p-nitrophenyl-a-D-maltotrioside (Calbiochem-Novabiochem) for two days. A summary of the data collection statistics is given in Tables 1 and 2 . The data of crystal forms B and C were collected like those of NAT-2 and NAT-1, respectively. The statistics are given in Table 1 .
Molecular replacement
A trimeric model of maltoporin was constructed using the coordinates of the homologue from E. coli (Schirmer et al., 1995) and introducing the correct amino acids with frequent rotamer conformations at exchange positions. Presumed insertions relative to the E. coli maltoporin were ignored while deletions were cut down to glycine residues. Molecular replacement using data set NAT-1 in the resolution range 12-5 A Ê was performed with the program AMoRe (Navaza, 1994) . The R-factor of the best solution was 36.5%, its correlation coef®cient was 58.4%. The next best solution had an Rfactor and correlation coef®cient of 43.5% and 40.4%, respectively. The search model was positioned according to the best solution.
Model building and refinement
After positioning, the model was revisited removing all residues in the non-aligned regions (in loops L4, L6 and L9) and relaxing clashes with other parts of the structure. Rigid-body re®nement and least-squares re®nement with NCS restraints against data set NAT-1 (Table 2) in the resolution range 10-3 A Ê resulted in a crystallographic Rfactor of 31.4% at an R free of 34.0%, respectively. For all re®nements we used the program X-PLOR (Bru È nger et al., 1987) .
In order to remove model bias, (2F o À F c )-maps were averaged over several cycles using program RAVE (Kleywegt & Jones, 1994b) . Rebuilding, re®nement with NCS restraints, and mask optimization were iteratively repeated. At an intermediate stage, re®nement was switched to data set NAT-2 (Table 2) . When the R-factor had dropped to 21.9% (R free 25.1%), water molecules were introduced at peaks above 3.5 s in the (F o À F c )-map that remained above 1 s in the (2F o À F c )-map after re®nement. At an initial stage, this procedure was run in an automated manner. Several rounds of manual water insertion and minor rebuilding followed, resulting in a model of 3 Â 421 amino acid residues, 456 water molecules and 1 calcium ion. Residues 259 through 264 at the tip of L6 (Figure 8 ) had no density, all water molecules formed at least one hydrogen bond and most of them were NCS-related with each other.
Re®nement against data set PG3 of ligated maltoporin (Table 1) started from the re®ned native structure without water molecules. One maltotriose molecule per subunit was inserted into an NCS-averaged (2F o À F c )-map. The nitrophenyl group had no density. The ®nal model contained 3 Â 421 amino acid residues (residues 259 through 264 remained mobile), three maltotrioses, 560 water molecules with the same characteristics as in the native structure and one calcium ion (Figure 6 ).
